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 CO2 gasiﬁcation of char from seven
European and Indian biomass species.
 Samples compared under methodol-
ogy replicating ﬁxed-bed gasiﬁcation.
 Results exhibit thermolysis as pre-
dicted by random pore model.
 Coconut coir and jute highest reactivity.
 Sugar Bagasse similar kinetics towoody
European species.
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a b s t r a c t
A standardised method for studying the kinetics of CO2 gasiﬁcation was applied to seven different
biomass species from Europe and Asia. The aim was to gain a truer understanding of variations in
feedstock behaviour inside ﬁxed bed biomass gasiﬁers. Slow heating rates and ﬁxed variable in-situ
pyrolysis was followed by gasiﬁcation at isothermal temperatures from 800 1C to 950 1C. There was
closer similarity in reactivity between all species in the region of 900r1Cr950 suggesting that these
temperatures could be optimal for the design of generic gasiﬁer settings. Values of activation energy
were in the range of 159rkJ mol1r216 for European arboreal species plus Sugar Bagasse. Coconut
Coir and Jute had CO2 gasiﬁcation characteristics that were distinct from the other species (lower
activation energy and higher reactivity), particularly at lower temperatures of 800r1Cr875. CO2
gasiﬁcation thermolysis was found to develop as predicted by the theoretical random pore model; and a
unique episode of ultra-low temperature devolatisation was observed during pyrolysis of Sugar Bagasse
samples.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Motivated by the global warming consequences of fossil fuel use,
energy security concerns, and the need to ﬁnd sustainable and cost
effective methods to dispose of waste, a niche market exists for
small-scale biomass gasiﬁers (Asadullah, 2014). They can provide
decentralised electricity and heat, and for those with access to a
resource of low or zero value agricultural and arboreal residues,
energy can be produced very close to the point of felling/harvest,
resulting in the greatest sustainability (Kreschmer et al., 2011) and
economic (Asadullah, 2014) gains. Gasiﬁers also have a beneﬁt over
wind and solar technologies as they can provide constant levels of
energy on demand rather than being limited by seasonal or diurnal
variations (Stassen, 1995). Add to this that they have potential to
transform any carbon-based waste material into energy (Arena, 2012;
Phuphuakrat et al., 2010; Ouadi et al., 2013) with reduced NOx, SOx,
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and dioxin pollutant emissions in comparison with combustion
(Mann and Spath, 2000).
1.1. Science of small-scale gasiﬁcation
Fig. 1 shows a simpliﬁed schematic of a downdraft gasiﬁer. Because
they create a high purity (CO and H2 rich) producer gas and are simpler
to operate in comparison to other designs, downdraft gasiﬁers are the
most widely used technology in small-scale applications (Bridgewater,
2003). They are low-complexity, ﬁxed-bed, autothermal systems that
extract the energy content of biomass and convert it into a more
versatile gaseous form. By controlling the process and limiting the
available oxygen to signiﬁcant sub-stoichiometric levels, the biomass
feedstock is heated without ﬂaming combustion (through R1 and R2)
being allowed to proceed. A high caloriﬁc gas, rich in CO, H2 and with
low quantities of CH4 is produced, with potential for later energy
release through R2–R4:
CþO2-CO2 ΔH ¼ 394 kJ mol1 R1
H2þ12 O2-H2O ΔH ¼ 242 kJ mol
1 R2
COþ12 O2-CO2 ΔH ¼ 111 kJ mol
1 R3
CH4þ2O2-CO2þ2H2O ΔH¼ 890 kJ mol1 R4
The zonation shown in Fig. 1 is not physical but temperature
separated, achieved through speciﬁc design and by controlling the
oxygen intake. As the exothermic nature of partial combustion
provides the heat for the other zones, the whole reactor is main-
tained in a state of thermodynamic equilibrium by optimising the
size of the air inlet and air ﬂow in relation to reactor size. Hence,
feedstock inherent kinetic properties determine reactor temperature
and performance via variations in their enthalpy demand, reactivity,
and residence time.
After drying, the ﬁrst high temperature stage in a downdraft
gasiﬁer is un-oxygenated heating (pyrolysis) which results in the
evolution of gaseous CO, CH4, CO2, H2, H2O and tar vapour. This
occurs from ca. 250r1Cr500 (Reed and Das, 1988). Rapid heating
Nomenclature
A frequency factor, in units of collisions. sec1
CV gross caloriﬁc value
daf dry ash free
DTG derivative thermogravimetry
Ea activation energy, in J. mol-1
FC ﬁxed carbon
GC gas chromatography
GCV gross caloriﬁc value
ΔH enthalpy change
k reactivity
ψ structural parameter term, as applied in the random
pore model
R universal gas constant, in J. K1. mol1
RPM random pore model
t time, in seconds
T temperature, in Kelvin
TGA thermogravimetric analysis
w mass
wt mass at a tangent to the TGA curve
wdaf mass remaining at the end of the gasiﬁcation
reaction stage
wi initial mass at the start of the reaction stage.
w0 difference between sample mass at a tangent to the
mass loss curve (wt) and at the end of gasiﬁcation
reaction stage (wdaf)
X conversion ¼ (wi – wt)/(wi – wdaf)
Fig. 1. Downdraft “Imbert-style” gasiﬁcation.
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favours tar production, but with greater residence times a higher
CO and H2-rich gas is produced. It is the reduction zone however
which gives downdraft gasiﬁers their advantage. The hot charcoal
inside the reactor provides energy and surface sites for tar crac-
king and further CO and H2 production from the endothermic
Boudouard (R5) and Water–gas (R6) reactions, which purify and
increase the caloriﬁc value of the pyrolysis gas. The Boudouard
reaction (R5) is also of interest for other engineering applications
such as metallurgy, where wood char is considered better than
coke due to its purity, and local sustainability potential (Kumar
et al., 1992).
CþCO2-2CO ΔH ¼ þ172 kJ mol1 R5
CþH2O-COþH2 ΔH ¼ þ131 kJ mol1 R6
It is known that void spaces between the char particles permit
gas-phase tar cracking, particularly of smaller polymer hydrocar-
bons formed in the pyrolysis zone at lower temperatures (Milne
et al., 1998). Erlich and Fransson (2011) also identiﬁed how
porosity within the char bed varied dependent on fuel type, which
they speculated was symptomatic of the fuel reactivity creating
greater thermal gradients and subsequent differences in mass
throughﬂow. Advancements in small-scale biomass gasiﬁcation
engineering had ﬂourished in the early 1900s, but most commer-
cially available systems still use the same designs (Stassen, 1995).
They work effectively, but can be a “rigid” technology where
once set up to operate at a certain feedstock parameter, limited
ﬂexibility to tolerate variations in wood species’ physical charac-
teristics result in excessive maintenance requirements, and lower
than speciﬁed performance (Ruiz et al., 2013; Kirkels and Verbong,
2011; Jain, 2000). This problem has been identiﬁed, with calls for
more detailed investigations to characterise the reactivity of
different biomass types for ﬁxed bed gasiﬁcation systems, yet
scant attention has previously been paid to the biomass, with both
research and commercial engineering rather focussing on the
process technology (Ruiz et al., 2013).
1.2. Biomass CO2 gasiﬁcation kinetics
In the 20th century, a research focus was on determining the
kinetics of coal thermolysis, including gasiﬁcation. With respect to
wood char however, it was observed that “curiously very few studies
of the gasiﬁcation of charcoal have been reported in literature [and
those] dealing with wood charcoal gasiﬁcation are scarce” (Standish
and Tanjung, 1988). Throughout the last thirty years there have
been some publications on biomass gasiﬁcation, but there is by no
means a comprehensive database. As described, “there is a paucity of
literature data on [kinetics of] biomass gasiﬁcation that does not
allow a sound validation of results” (Senneca, 2007).
Elucidating biomass gasiﬁcation reaction kinetics for ﬁxed bed
gasiﬁers is also seriously hampered by their being no consensus on
methodologies. Table 1 shows the wide range of methodologies
for both pyrolysis and gasiﬁcation, and in particular the differences
in pyrolysis heating rates which range from 4 1C min1 to 6
105 1C min1. This is important, for it is proven that both the
heating rate and ultimate temperature of char production (pyro-
lysis) will signiﬁcantly affect subsequent reactivity, causing it to
decrease as a function of increasing pyrolysis temperature by up to
a factor of two (De Groot and Richards, 1987; Kumar et al., 1992;
Kumar and Gupta, 1994; Tancredi et al., 1996; Yuan et al., 2011), and
increase with increasing pyrolysis heating rate by factors of two to
three (Cetin et al., 2004; Di Blasi, 2009; Kumar and Gupta, 1994;
Okumura et al., 2009). Some of the results in Table 1 should also be
treated with caution due to the choice of pyrolysis temperature.
Okumura et al. (2009) showed that at 700 1C pyrolysis is not yet
complete, and that 800 1C should be a minimum prior to gasiﬁcation
kinetic methods. It is also not uncommon for details about pyrolysis
conditions to be missing or completely absent which further evidences
the dearth of clarity in this ﬁeld. Note also in Table 1 the wide range of
activation energies and how reproducibility is also low between single
species experiments, e.g.: Pine (118.6rkJ mol1r262) and Eucalyp-
tus (138rkJ mol1r260). Whether pyrolysis conditions also affect
Arrhenius parameters is not clear, with some studies ﬁnding that
activation energy increased as a function of pyrolysis heating rate and
slightly decreased as a function of pyrolysis temperature (Kumar and
Gupta, 1994), and another showing both increases and decreases
dependent on species (Yuan et al., 2011).
As can be seen from Table 1, previous research studies have
usually subjected the samples to two stages of experimentation. This
involved ﬁrst pyrolysation in an inert atmosphere at a variety of
temperatures, and at varying carrier gas ﬂow and heating rates to
produce char. The char was then extracted, followed by re- subjection
to heating (often to different temperatures) and gasiﬁcation (Di Blasi,
2009). Since it was the reactivity of the char that was the focus, these
methods overlook not just the signiﬁcant effects on ﬁnal reactivity
caused by the preliminary heating regime, but also that they are
poorly representative of the conditions inside a ﬁxed-bed gasiﬁer
where there is no potential for air contamination, where biomass is
slowly heated, pyrolysed, and its char reduced in one single process.
The aim of this study was therefore to standardise the methodology
for biomass gasiﬁcation kinetics in order to obtain a true scientiﬁc
comparison between a range of feedstocks of both arboreal and
agricultural origin. Since this must also match the setting encoun-
tered in practical applications to have most relevance for engineering
purposes, the study aimed to recreate downdraft gasiﬁcation condi-
tions as closely as was possible.
2. Method
2.1. Biomass materials selection and preparation
A mixture of softwoods, hardwoods, and agricultural by-products
were chosen, with four species from Europe and three from India
(Fig. 2). The four from Europe were: European Larch (Larix decidua),
Silver Birch (Betula pendula), Corsican Pine (Pinus nigra ssp. laricio),
and Eucalyptus (Eucalyptus spp.). The three species from India were:
Coconut Coir (Cocos nucifera), Sugar Bagasse (Saccharum ofﬁcinarum),
and Jute wood (Corchorus spp.). Each biomass sample was sourced
locally from fellings/harvesting twelve months prior to usage. Sea-
sonal time of felling was unknown. The European samples were
acquired from the Midlands region of England in the form of whole
tree chippings obtained from a rotating drum chipper. The Indian
samples were from West Bengal and in the form of roughly chopped
(Jute) or ﬁbrous (Coconut Coir and Sugar Bagasse) bundles.
For analysis, all samples were reduced in size using in a Retch
ZM200 centrifugal rotor mill with a 0.50 mm cut stainless steel ring
sieve. This produced a particle size for the biomass of 80%o0.25 mm.
These quantities were taken from a larger volume that had been
shredded; so comprised, in the case of whole tree shred, a mixture of
bark and internal woody biomass. Therefore due to the small fraction
of sample analysed, heterogeneity was likely, so experiments were
repeated in duplicate and triplicate.
2.2. Experimental
For ultimate analysis of sample C, H, N, and (by balance) O
content, a CE Instruments Flash EA1112 was used. Samples and
standards were weighed (1.8rmgr3.3) into tin capsules then
ignited inside the instrument at 900 1C using oxygen over a copper
oxide catalyst. Product gas was passed over electrolytic copper to
remove O2 and magnesium perchlorate to remove H2O en-route to
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a GC column and Infra red detector. Helium was used as carrier
gas. The standard used was 2,5-(bis[5-(tert-butyl-2-benzo-oxazol-
2-yl)thiophene.
Sample caloriﬁc value (CV) was determined using an IKA C5001
bomb calorimeter, set to dynamic method. Pellets were made from
the biomass samples by compressing the shredded materials using
a Greasby Specac hydraulic press and a 13 mm stainless steel die.
Compression was at 10 t. Tablets of known CV Benzoic acid IKA
C723 (pelletized) were used as a pre-experimental standard.
Thermogravimetric analysis (TGA) was performed using a TA
instruments Q500 for both proximate analysis and reaction
kinetics. This subjected the sample to a controlled temperature
and gas ﬂow environment whereupon corresponding mass loss
through volatisation was measured and reaction rates were
determined per unit time and temperature. The kinetics metho-
dology was chosen to follow ICTAC Kinetics Committee recom-
mendations (Vyazovkin et al., 2011; 2014) to maintain kinetic
control and to represent the process conditions of ﬁxed bed
gasiﬁcation as accurately as possible. Samples were placed into a
clean platinum pan (10 mm diameter2 mm depth). Experimen-
tation was at constant 1 bar pressure using two high purity gases:
99.98% N2 and 99.98% CO2, both from Air Products UK. Data was
logged every 0.8 s and saved on a personal computer.
To determine proximate composition, samples (10rmgr28)
were heated from room temperature to 110 1C under N2 ﬂow
(of 120 ml min1) at 10 1C min1, then held for 10 min. Temperature
was increased to 900 1C at a rate of 20 1C min1, and then held for
15 min. The carrier gas was then switched to air (also from a
pressurised cylinder by Air Products) at a ﬂow rate of 120 ml min1.
2.2.1. Reaction kinetics
From room temperature, the samples (9rmgr31) were heated
to 40 1C under N2 ﬂow (120 ml min1) at a temperature ramp rate
Table 1
Table showing the various methodologies used to study biomass CO2 gasiﬁcation kinetics along with results of Activation Energy (Ea) where applicable. Column labelled “in-
situ” refers to whether the char was extracted and cooled down between pyrolysis and gasiﬁcation stages.
Pyrolysis stage In situ Gasiﬁcation stage Ea
(kJ mol1)
Species Reference
Rapid immersion of sample at 950 1C, then
held for 7 min
No Non-isothermal at 10 1C min1 and modulated
heating rates to 950 1C
221 Picea abies Wang et al.
(2013)
Heating rate of 12 1C min1, then held at
500 1C for 45 min
No Isothermal at temperatures from 750 1C to 900 1C 156 Triticum spp Mani et al.
(2011)
Rapid immersion of sample at 900 1C, then
held for 1 h
Not
speciﬁed
Isothermal at 900 1C N/A Pinus spp. Ahmed and
Gupta
(2011)
Heating rate of 9 1C min1 up to 850 1C No Isothermal at temperatures between 850 1C and
950 1C with pre-heating rate of 10 1C min1
N/A Chamaecyparis obtusa Mitsuoka
et al. (2011)
Heating rate of ca. 21 1C min1 up to 850 1C One Isothermal at temperatures from 850 1C to 1050 1C.
Gas ﬂow 5 l min1
134 to 172 Pinus densiﬂora for.
Multicaulis
Seo et al.
(2010)
Rapid immersion at 500 1C, then held for 2.5 h No Between 767 1C and 873 1C 262 for
both
species
Pinus sylvestris and Betula
Pundula
Khalil et al.
(2009)
Heating rates of 15 1C, 60 1C, 300 1C, and
600 1C min1, to ﬁnal temperature of 800 1C
No Isothermal at temperatures from 700 1C to 1100 1C Pseudotsunga menziesii Okumura
et al. (2009)
Fast, but rate unquantiﬁed: 850 1C in bubbling
ﬂuidised bed for 5 min
No Non-isothermal, up to 800 1C at rates from 5 1C to
100 1C min1
259 Pinus radiata Senneca
(2007)
Heating rate of 3 1C min1 to 900 1C No Isothermal, at four temperatures between 720 1C and
750 1C
200 Fagus sylvatica Klose and
Wölki
(2005)
Three different conditions, all rapid: No Heated to 850 1C at 40 1C min1, then isothermal
gasiﬁcation
N/A Pinus radiata, Eucalyptus
maculata, and Saccharum
ofﬁcinarum
Cetin et al.
(2004)1200 1C min1 up to 950 1C
3105 1C min1 up to 950 1C
6105 1C min1 up to 1500 1C
Heating rate of 30 1C min1 to 900 1C, then
held for 50 min
No Re-heated to 1000 1C at 30 1C min1, then cooled (at
25 1C min1) to isothermal gasiﬁcation between
800 1C and 950 1C
119 Olea europaea Ollero et al.
(2002)
Rapid (un-quantiﬁed) drop-tube reactor, and
slow 20 1C min1, up to 750 1C and 850 1C
No Isothermal at 850 1C. Heating rate not speciﬁed N/A Betula spp. Chen et al.
(1997)
Heating rate not described. Isothermal
conditions at 400 1C, 600 1C, and 800 1C
No Between 800 1C and 850 1C 230 to 260 Eucalyptus grandis Tancredi
et al. (1996)
Heating rate of 4 1C min1 to 800 1C, 1000 1C,
and 1200 1C. Also 30 1C min1, to 800 1C. All
then held for 1 h
No Between 810 1C and 960 1C 138 to 217
(both
species)
Eucalyptus spp. and Acacia
spp.
Kumar and
Gupta
(1994)
Heating rate “about 4 1C min1” to 400 1C,
800 1C, 1000 1C, and 1200 1C
No Isothermal, at four temperatures between 810 1C and
960 1C
N/A Acacia spp. Kumar et al.
(1992)
Heating rate of 10 1C min1, then held at
540 1C for 30 min
No Isothermal temperatures from 800r1Cr950, at
heating rate of 3.5 1C min1, 13.5 1C min1, and
16.8 1C min1
80 to 148 Populus tremula Plante et al.
(1988)
Not described No Between 900 1C and 1100 1C 210 Ficus elastica Standish
and Tanjung
(1988)
Rapid immersion at three temperatures:
800 1C, 900 1C, and 100 1C for ca. 10 min
No Isothermal at 800 1C N/A Populus trichocarpa De Groot
and
Richards
(1987)
Rapid immersion at 1000 1C for 10 min No Char pre-heated to 1000 1C then cooled down to
isothermal gasiﬁcation between 600 1C and 950 1C
192 to 233 Pseudotsuga menziesii and
Populus trichocarpa
DeGroot and
Shaﬁzadeh
(1984)
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of 10 1C min1, then held at 40 1C for 20 min. Temperature was
increased to 110 1C at a rate of 50 1C min1, and held for 10 min to
ensure that all moisture was evolved. Still under N2 ﬂow, tempera-
ture was increased at 20 1C min1 up to the desired isothermal
gasiﬁcation temperature. After stabilisation for 20 min, the purge gas
was switched to 100% CO2 at a ﬂow rate of 50 ml min1, and the
char gasiﬁcation reaction (R5) was taken to completion. Thus the
pyrolysis conditions up to TZ800 1C were ﬁxed for all runs. By
creating char and then switching to CO2 in the same experiment, this
ensured that: (1) a small quantity of charcoal remained for the
gasiﬁcation stage, thereby limiting mass and heat transfer effects,
(2) potential oxygenation (from air) contamination of the samples
was negated, and (3) it simulates most closely the downdraft gasiﬁer
reactor conditions of slow in-situ drying and pyrolysis followed by
gasiﬁcation. This method was a variation on the isothermal approach
used by Mitsuoka et al. (2011). Isothermal methods are identiﬁed as
giving the most reliable results (White et al., 2011), with limitations
overcome if a wide range of temperatures are chosen. Thus, repeat
sets of seven isothermal temperatures for each sample were com-
pleted: 800 1C, 825 1C, 850 1C, 875 1C, 900 1C, 925 1C, and 950 1C.
The reactivity of the sample under CO2 ﬂow (R5) was calculated
over 6 s intervals using the common formula (Ahmed and Gupta,
2010; Asadullah et al., 2010; Cetin et al., 2004; Di Blasi, 2009;
Tancredi et al., 1996):
k¼ 1
w0
dw
dt
ð1Þ
From the derivative term of Eq. (1), w is the change in mass
over 6 s (t). w0 is wt–wdaf: the difference between the mass at the
midpoint of the 6 s interval, e.g. point at a tangent to the mass loss
curve (wt), and end of reaction stage mass (wdaf).
Reactivity values were plotted against percentage conversion over
the (R5) stage to characterise the progression of char gasiﬁcation.
Kinetic values were then calculated based on conversions at 20%,
between 1% and 30%, and between 5% and 50%. There are differences
of opinion that exist about which region is best from which to
measure reaction kinetics, and this choice was based on the successful
experiments reported by Plante et al. (1988). Extent of conversionwas
calculated from X¼(wiwt)/(wiwdaf), wherewi is the initial mass at
the start of the reaction stage.
Kinetic parameters of (R5) were determined by assuming the
reaction obeys the ﬁrst order Arrhenius equation. This is limited to
conditions where the CO2 concentration remains constant during the
process, and where the reaction is far from equilibrium (Khalil et al.,
2009). Themore complicated Langmuir–Hinselwood rate expression is
less commonly applied, and usually in situations where experimental
conditions allow the (R5) reaction to proceed in both directions (Khalil
et al., 2009; Di Blasi, 2009). By taking logs of both sides, Eq. (2) takes
the form of a linear equation on a Cartesian plot of ln(k) against 1/T,
with Ea/R as the slope and A as the y-axis intercept.
k¼ Aexp  Ea
RT
 
ð2Þ
where Ea is activation energy, in J mol1, A is frequency factor, in
units of collisions s1, R is universal gas constant, in J K1 mol1, T is
temperature, in Kelvin.
3. Results/discussion
3.1. Observations on thermal decomposition
In contrast to the study by Mitsuoka et al. (2011), there was no
drop in sample weight observable during switchover from N2 to
CO2 at the commencement of the gasiﬁcation stage, visible in Fig. 3
from ca. 145 min. Graphs showing the mass loss from TGA and
associated Derivative Thermogravimetry (DTG) curves, along with
temperature proﬁle for two of the biomass feedstocks and repre-
sentative of all samples are shown in Fig. 3. The typical features of
biomass pyrolysis can be observed corresponding to devolatisa-
tion of the three molecular constituents (see Biagini et al., 2006):
hemicellulose shoulder then cellulose peak from ca. 210 1C, and
Fig. 2. Geographical provenance of biomass samples. Regions shown by
dashed line.
Fig. 3. TGA and DTG curves for (a) European Larch, and (b) Coconut Coir, showing N2 pyrolysis, and isothermal CO2 gasiﬁcation at 900 1C.
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then, particularly here with European Larch, the slightly broader
mass loss due to lignin decomposition visible at between 60 and
80 min. Gasiﬁer tar forms from all three of these constituents,
and although lignin produces slightly more tar than cellulose, the
overall tar dewpoints are the same (Rabou et al., 2009).
All the Sugar Bagasse samples exhibited an unusually low tem-
perature episode of pyrolytic 3.7670.04% mass loss onsetting at
135r1Cr140 and prior to the hemicellulose shoulder, as shown at
ca. 44 min in Fig. 4. This was not seen with any of the other biomass
species. Explanations for the chemical nature of this evolved gas could
not be found in previous literature. Although the phenomenon is
apparent in one previous study (Manyà and Arauzo, 2008) it was not
commented on and no explanation was therefore offered as to its
cause. Other previous studies that have attempted to explain biomass
pyrolysis at a molecular level with various species (Sugar Bagasse
included) and synthetic molecular constituents have not revealed this
phenomenon (Biagini et al., 2006; Raveendran et al., 1996). Lignin
Alkali was seen to evolve at 150 1C in Raveendran’s study, but this is
unlikely to be the substance as it exhibited a linear DTG release rate
up to 400 1C rather than a peak.
In reference to the gasiﬁcation stage, note in Fig. 3 the variations
in depth of ﬁxed carbon between the two exemplars and also
the visible differences in rate (dw/dt) which is sample speciﬁc. The
ﬁxed to volatile ratio was also quantiﬁed with ultimate analyses
(see Table 2). In general terms, this property of Coconut Coir is
beneﬁcial for downdraft gasiﬁcation since there will be a larger
volume of reduction zone created to purify the gases released during
pyrolysis. No extant studies could be found on extensive reactor
testing to conﬁrm the apparently favourable properties of Coconut
Coir as a downdraft gasiﬁer feedstock. One consideration with this
would be its ﬁbrous nature (a physical property shared also with
Sugar Bagasse), which is problematic in terms of pre-reactor feeding
and in-situ binding that can result in over dense packing or bridging,
which in turn limits gas transfer (Reed and Das, 1988). This, however,
could likely be overcome by briquetting. Of the Indian biomass
therefore, only the Jute would, in its virgin state, likely be useable for
a downdraft gasiﬁer fuel. During handling, it was observed that the
Jute stick was highly electrostatic, with particles clinging to surfaces
it came into contact with. Sugar Bagasse, like Jute, was also very light
as can be seenwhen the samples are compared through the property
of energy density. The European species differ from the Indian ones
in this regard and must be considered better, in terms of handling,
and reactor feeding, because of their hard and dense angular form.
3.2. Reaction kinetics
The four arboreal samples plus Sugar Bagasse plotted close
together on a Cartesian Arrhenius plot with Jute and Coconut exhibit-
ing noticeably different trends (Fig. 5). There were slight variations in
activation energy and pre-exponential factor across the three mea-
sured regions of gasiﬁcation, with a reduction occurring in the X¼0.01
to 0.3 range of conversion (Table 3). Sugar Bagasse appeared to be the
most susceptible to variations in kinetic value dependent on which
region of mass loss was chosen. However, by applying statistical
regression analysis, a good linear ﬁt was observed, with R2 values
for Sugar Bagasse at 0.97 to 0.98 for the three conversion regions
selected, suggesting that the samples remained under kinetic control
and obeyed the Arrhenius equation. The lowest R2 value was 0.94 for
European Larch at 20% conversion. All other results were at R2Z0.95.
This is believed to be the ﬁrst study to report Arrhenius values
and reactivity assessments for CO2 gasiﬁcation of European Larch,
Jute, and Corsican Pine. Although ﬁxed-bed gasiﬁers are autothermal
and hence not requiring external heat input to maintain equilibrium
or set residence times, knowledge of relative activation energies is
still practically important as values are needed for reactor sizing and
to optimise fuel conversion efﬁciency. Since control of air volumetric
ﬂow rate determines internal heating, kinetic heterogeneity for a
ﬁxed-bed gasiﬁer therefore results in ﬂuctuating internal tempera-
tures throughout the reactor zones and consequently a greater
quantity of incomplete conversion products can occur.
It could be argued that the pre-gasiﬁcation regime was not an
entirely ﬁxed variable in this method. Experiments at 950 1C, say,
will have exposed the char samples to an extra 150 1C of heating
(and extra 7.5 min residence time) than the samples gasiﬁed at
800 1C. Despite this, it is considered that best practice was adopted
for replicating conditions inside a downdraft ﬁxed-bed gasiﬁer and
therefore best practice for comparing feedstock kinetics. For, inside
such a reactor, the char samples will indeed experience extra
heat exposure dependent on set operating temperature. Thus, this
method permits a true comparison, albeit of only one reaction.
Furthermore, the second factor that inﬂuences reactivity, namely
pyrolysis heating rate, remained ﬁxed for all sample runs, and there
was no reduction in apparent reactivity for the samples subjected to
Fig. 4. TGA and DTG curves for Sugar Bagasse showing N2 pyrolysis, and isothermal
CO2 gasiﬁcation at 900 1C.
Table 2
Proximate and ultimate analyses of biomass. Woody biomass unless stated. FC¼ﬁxed carbon, daf¼dry ash free, GCV¼gross caloriﬁc value. Experimental repeatability
within71%.
Ultimate analysis (% daf) Proximate analysis (% dry basis) GCV Energy density
Sample N C H O Volatiles FC ash MJ kg1 MJ dm3
Eucalyptus 0.09 50.81 6.12 47.50 83.6 15.8 0.6 18.2 2.69
Silver Birch 0.11 49.28 6.05 53.37 85.5 13.9 0.6 18.4 2.94
Corsican Pine 0.19 48.91 6.31 47.17 83.6 15.7 0.7 19.0 2.76
European Larch 0.00 49.03 5.99 46.99 86.4 12.4 1.2 18.3 2.69
Sugar Bagasse 0.06 48.36 5.96 48.72 86.7 11.6 1.7 17.4 1.08
Coconut Coir 0.17 51.15 4.76 46.93 70.7 26.0 3.3 17.7 1.46
Jute 0.04 49.82 5.81 45.94 88.4 10.5 1.1 18.2 1.38
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higher temperatures. A true representation of pyrolysis-independent
char reaction behaviour is when reactivity increases with isothermal
gasiﬁcation temperature (Mani et al., 2011; Ollero et al., 2002) as it
did here (Figs. 6 and 7).
Figs. 6 and 7 show sample reactivity based on time required to
achieve 50% (t50) and 20% (t20) char conversion. The t20 parameter
was selected as representative of early stage reactivity in compar-
ison to the conventional t50 value. Aside from a slight difference at
800 1C with Eucalyptus, the trends in reactivity between species as
a function of temperature did not change. Jute and Coconut Coir
were the most reactive species, determined through the time
required for them to achieve both 50% (t50) and 20% (t20) conver-
sion. Of interest is again the concordance between Sugar Bagasse
and the woody European species rather than, as might be
expected (through physical properties) to the Jute and Coconut
Coir (see Tables 2 and 3, and Fig. 5). It is possible that the unique low
temperature devolatisation from Bagasse during the slow pyrolysis
could have resulted in it having similar gasiﬁcation reactivity trends
to the arboreal species if some organic component were to have
evolved at this lower temperature rather than remain as in the
case of Jute and Coconut. These comparisons provide for a cursory
appraisal of which mixtures of species would likely be tolerated
in a single gasiﬁer design set up. In kinetic terms, it suggests how
modiﬁcations might be less likely when operating between mixed
European tree species and Sugar Bagasse, or with Jute and Coconut,
but not both, and also provides an indication of the qualitative levels
of adjustments that might be needed to overcome these differences.
It is also interesting to note that in the range 900r1Cr950,
there is less of a difference between t20 and t50 for all species,
suggesting that operation at these higher temperatures would
improve greater system feedstock ﬂexibility. In terms of operational
performance at these higher levels, this can be disadvantageous as
although it means a likely lower overall quantity of tar produced,
higher concentrations of heavy and difﬁcult to abate tars are created
by polymerisation at these higher temperatures (Rabou et al.,2009).
By comparing the results in Figs. 6 and 7 with Fig. 8, relatively
lower Arrhenius parameters correspond with higher reactivities, as
might be expected from the kinetic model of gas–solid reactions.
The known catalytic effects of char ash (Huang et al., 2014), could
Fig. 5. Kinetic parameter ln(k) as a function of 1/T for all samples after isothermal
experiments. Plots shown were taken over mass loss stage 5 to 50% conversion.
Table 3
Activation energies and pre-exponential factors at varying conversion levels.
Sample X¼20% X¼1–30% X¼5–50%
A (min1) Ea (kJ mol1) A (min1) Ea (kJ mol1) A (min1) Ea (kJ mol1)
Eucalyptus 1.24108 190.3 1.55107 170.4 2.62108 198.4
Silver Birch 9.41106 170.1 1.13106 159.0 1.29107 174.2
Corsican Pine 5.19108 207.2 1.85108 197.0 1.14109 216.0
European Larch 2.98107 180.6 1.05107 170.2 1.58107 176.1
Sugar Bagasse 1.01108 193.3 1.21107 172.9 6.67108 212.7
Coconut Coir 1.16106 126.7 6.88105 122.8 9.03105 124.5
Jute 1.73104 100.4 6.34103 91.1 6.02104 113.5
Fig. 6. Reactivity as a function of temperature at the time required to attain 20%
char gasiﬁcation.
Fig. 7. Reactivity as a function of temperature at the time required to attain 50%
char gasiﬁcation.
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explain the high reactivity of Coconut Coir. The high reactivity of
Jute however cannot be explained so easily and must be due to
its chemical structure and/or porosity. The lower ash content of
the European species identify them as being more favourable for
extended operation at high temperatures where fused deposits can
form from molten inorganics (Miles et al., 1996).
In comparison with other studies, the time required to reach
50% conversion highlights the variations that can occur due to
choice of gasiﬁcation and char pyrolysis methodology. Mitsuoka
et al. (2011) for example, though only studying one species of
woody biomass applied relatively similar thermal decomposition
parameters (see Table 1) but with a 50% lower pyrolysis and
gasiﬁcation heating rate, and by extracting the char sample for
further physical processing prior to re-heating and gasiﬁcation.
Reactivity is here seen to be 3 to 6.3 times (850 1C), 3.3 to 13.4
times (900 1C), and 28 to 114 times (at 950 1C), higher than in
the experiments by Mitsuoka et al. (2011), evidencing the sig-
niﬁcance of pyrolysis conditions and the need for methodology
standardisation as provided by this study. Higher carrier gas ﬂows
(0.9 l min1) were also used by Mitsuoka et al. (2011) but these
would be expected, if anything, to increase reactivity by the
greater removal of product CO and H2, which are known to retard
(R5) and (R6) (Di Blasi, 2009).
3.3. Biomass particle thermolysis
Literature reports that as pyrolysis heating rate increases the
biochar particles have a greater tendency to melt and become
amorphous, changing from a predominantly microporous to macro-
pores structure (Cetin et al., 2004); although Yuan et al. (2011)
observed this for pine sawdust only, and not for rice straw and chinar
leaves. By the conventional wisdom of heterogeneous catalysis, this
should result in lower reactivity due to the reduced surface area.
However, with char gasiﬁcation, as has been shown, the opposite is
observed to be true, and reactivity increases with pyrolysis heating
rate and subsequent char particle deformation to higher pore size.
Fig. 8. Reactivity as a function of conversion for (a) coconut coir, (b) European Larch, (c) Corsican Pine, (d) Silver Birch, (e) Eucalyptus, (f) Jute, (g) Sugar Bagasse. Data points
shown are at every 0.01% conversion interval.
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Whether this is due to higher surface area, has not yet been proved
(Di Blasi, 2009). Visible observations differ however, with Cetin et al.
(2004) reporting that with increasing heating rates the surfaces
become smooth, whereas Okumura et al. (2009) asserted that they
become coarse. Cetin et al. (2004) used three different furnaces for
heating rates, and results of reactivities are not reported for the
most rapid.
Plots of reactivity as a function of conversion match well with
the theoretical predictions of the random pore model (RPM). This
occurred across the full range of conversions and at the higher
temperatures where the reactivity vs. conversion curve was nearer
parabolic (Fig. 8). This had previously been seen to some extent in
other experimental CO2 gasiﬁcation studies such as (Ahmed and
Gupta, 2011), and less clearly in Okumura et al. (2009), Seo et al.
(2010), Yuan et al. (2011). The random pore model predicts particle
thermolysis as developing by a random overlapping of cylindrical
voids which grow as a function of temperature from the initial
pores. As growth continues, the reactivity increases due to the
opening of active surface sites. Intersections between the growing
voids are hypothesised to cause a decrease in the reaction rates so
that a maximum occurs (predicted at between 0rXmaxr0.393)
after which the inﬂuence of the intersections predominate (Bhatia
and Perlmutter, 1980). The model introduces a structural para-
meter term (Ψ) which deﬁnes the initial (e.g. pre-reaction)
physical properties of the particle, namely surface area, porosity,
and pore length, and which determines the subsequent shape of
the reactivity vs. conversion curve. This can be calculated from the
peak of conversion as a function of reactivity using Eq. (3) (Seo et
al., 2010):
Ψ ¼ 2
2 ln 1χmax
 þ1  ð3Þ
As shown by Fig. 8, the higher temperatures reveal higher order
curves corresponding to higher values of Ψ as predicted by
modelling (Zhang et al., 2008), and suggested by the higher
temperature (Z950 1C) gasiﬁcation results of Seo et al. (2010),
and Yuan et al. (2011). Ahmed and Gupta (2011), observed less
parabolic plots, corresponding to those at or below 900 1C in
this study.
Increasing values for the structural parameter, as calculated
from (Eq. (3)) are seen to be associated with reactivity vs.
conversion curve convexity (Fig. 8). This was most prominent
with Coconut Coir. In biomass species where the structural
parameter was lowest (European Larch, Corsican Pine, and Silver
Birch) an earlier onset of pore structure collapse and its predomi-
nance thereafter is evident, as exhibited by reactivity decreasing
with conversion at a more constant rate. The predominance of
linearity in reactivity as a function of conversion at low tempera-
ture experiments for many of the species suggest that their initial
particle properties have a poorer tendency for melting behaviour as
proposed by the random pore model and intersections obviate
higher reactivities being reached. The catalyst for this phenomenon
could be inorganic mineral content within the char, due to the
visible correlation between curve shape (Ψ) and values determined
for Coconut Coir and to a lesser extent Sugar Bagasse and Jute. The
results suggest though that higher temperature gasiﬁcation could
accentuate the development of void spaces and bring on a change in
the apparent structural parameter in some cases, as seen with
Eucalyptus.
The Eucalyptus sample (Fig. 7d) exhibited a greater spread in
values at curve maxima for high temperature experiments, and this
was also seen to a lesser extent with Sugar Bagasse. This phenom-
enon suggests a broader region of competition between pore growth
and collapse, which may be due to sample heterogeneity or to
catalytic activity, as previously described.
4. Conclusions
A standardised methodology for determining the CO2 gasiﬁcation
reactivity and kinetic values of biomass was tested with a wide
range of species from Europe and Asia. Using TGA, a ﬁxed parameter
method of slow pyrolysis followed directly by in-situ gasiﬁcation at
seven isothermal temperatures was used for purposes of compar-
ability and in an attempt to more closely replicate conditions in a
ﬁxed bed gasiﬁer. A mixture of seven arboreal and agricultural origin
biomass types (Eucalyptus, Silver Birch, Corsican Pine, European
Larch, Coconut Coir, Jute, and Sugar Bagasse) were assayed in
this way, and their physical properties characterised. The aim was
to elucidate the science of biomass CO2 gasiﬁcation kinetics and
reactivity, so that accurate engineering solutions could then be
devised for making small-scale ﬁxed bed gasiﬁers into more generic
bio-waste conversion systems.
All European arboreal samples exhibited similar reactivities and
Arrhenius parameters, evidencing one of the reasons why the chipped
wood from these species has been historically proven for small-scale
gasiﬁcation. At higher temperatures (900r1Cr950) there was least
difference between reactivity for all samples, suggesting a beneﬁt of
these gasiﬁer operating conditions for more generic feedstock toler-
ance. At lower temperatures, Sugar Bagasse showed reactivity proﬁles
that were remarkably close to those of the European species; Coconut
Coir and Jute however were far more reactive and would be likely
to necessitate different adaptations in gasiﬁer set up as a conse-
quence. A unique low temperature episode of (3.7670.04%) mass
devolatisation was observed for Sugar Bagasse commencing at
135r1Cr140 when under N2 slow pyrolysis. Coconut Coir had the
highest ﬁxed carbon to volatile ratio indicating its favourable
properties for creating char and so deepening the reduction zone
of a downdraft gasiﬁer. The ﬁbrous nature of this material (along
with that of Sugar Bagasse) would likely necessitate briquetting as
a pre-process stage to overcome possible feeding and durability
issues. Coconut Coir, Jute, and Sugar Bagasse all had much lower
energy density values than Silver Birch, Corsican Pine, Eucalyptus,
and European Larch; differences which will affect gasiﬁer perfor-
mance if attempting to switch between fuels due to the impact this
property has on reactor temperature control.
Results of CO2 gasiﬁcation experiments for all samples were
found to more closely match the theoretical predictions of the
random pore model of particle thermolysis than have previously
been reported elsewhere. Higher sample ash content correlated
with increased structural parameter values. Activation energy
was calculated at: Eucalyptus (170–190 kJ mol1), Silver Birch
(159–174 kJ mol1), Corsican Pine (197–216 kJ mol1), European Larch
(170–181 kJ mol1), Sugar Bagasse (173–213 kJ mol1), Coconut Coir
(123–127 kJ mol1), and Jute (91–114 kJ mol1). This is believed to be
the ﬁrst study to report Arrhenius values and reactivity assessments
for CO2 gasiﬁcation of European Larch, Jute, and Corsican Pine.
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